Résumé. 2014 Dans cet article, nous proposons des interprétations cohérentes des données expérimentales sur l'AsGa irradié obtenues par des études de spectroscopie de In heavy dose irradiated GaAs, the DC conductivity is attributed to hopping between MG defects. Our calculations provide extremely good fits to the experimental results of Deng et al. for the DC electrical conductivity in GaAs induced by argon ion bombardment for temperatures ranging from around 20 K to 500 K. The phonon energy 012703C9 (20 ± 2 meV) and Franck-Condon shift S012703C9 (145 ±10 meV) of MG needed to achieve this fit are in very good agreement with the 012703C9 and S012703C9 values earlier determined for the native EL2 defect. The bulk AC hopping conductivity has also been calculated and found to agree well with experimental results of Mare0161 et al. for high purity semi-insulating GaAs. The corresponding low-frequency AC conductivity is attributed entirely to a homogeneous random distribution of native mid-gap donor defects EL2. We are also led to invoke the mid-gap level MG (identifiable with that of EL2) in order to account for DLTS results. In fast-electron irradiated n-GaAs, the two high temperature DLTS peaks E4 and E5 are both accounted for by two defect pairs each including an MG level component. In heavy-particle bombarded n-GaAs damage clusters including MG defects account for the experimentally recorded high temperature DLTS peak. For these defect pairs and clusters, our DLTS simulations correctly predict the observed peak positions and their dependence on the electric field.
Abstract. 2014 In this article, we attempt to consistently interpret Deep Level Transient Spectroscopy (DLTS), Electron Paramagnetic Resonance (EPR) and electrical conductivity experimental data for irradiated GaAs. Our analysis reveals the occurrence of an irradiation-induced single donor mid-gap level (MG) related to the AsGa antisite defect. We give evidence that MG can be identified with the deep level associated to the native bulk centre EL2. We make use of a model we have recently developed for the calculation of inter-defect phonon-assisted tunnelling rates. We calculate the nearest neighbour defect-induced hopping conductivities. In heavy dose irradiated GaAs, the DC conductivity is attributed to hopping between MG defects. Our calculations provide extremely good fits to the experimental results of Deng et al. for the DC electrical conductivity in GaAs induced by argon ion bombardment for temperatures ranging from around 20 K to 500 K. The phonon energy 012703C9 (20 ± 2 meV) and Franck-Condon shift S012703C9 (145 ±10 meV) of MG needed to achieve this fit are in very good agreement with the 012703C9 and S012703C9 values earlier determined for the native EL2 defect. The bulk AC hopping conductivity has also been calculated and found to agree well with experimental results of Mare0161 et al. for high purity semi-insulating GaAs. The corresponding low-frequency AC conductivity is attributed entirely to a homogeneous random distribution of native mid-gap donor defects EL2. We are also led to invoke the mid-gap level MG (identifiable with that of EL2) in order to account for DLTS results. In fast-electron irradiated n-GaAs, the two high temperature DLTS peaks E4 and E5 are both accounted for by two defect pairs each including an MG level component. In heavy-particle bombarded n-GaAs damage clusters including MG defects account for the experimentally recorded high temperature DLTS peak. For these defect pairs and clusters, our DLTS simulations correctly predict the observed peak positions and their dependence on the electric field.
Introduction.
The EL2 deep-level defect in GaAs is of great practical importance because it is essential in pinning the Fermi level near mid-gap in high purity and in indium-doped semi-insulating substrates. This has stimulated an abundant literature over the properties of EL2 [1, 2] and over its identification (see e.g. Refs. [1] [2] [3] [4] [5] ). The symmetry and paramagneticoptically monitored -resonance behaviour indicate that it is a complex including the antisite defect ASGA. Recent publications [5] support the attribution of EL2 to a second-neighbour complex (AsGaAs¡) with an arsenic interstetial atom as earlier suggested by von Bardeleben et al. [4] .
The Fermi-level has been reported to be pinned near mid-gap in GaAs materials after a large dose of fast-electron [4] or heavy-particle (fast-neutron or ion) [6, 7] bombardment. A similar Fermi-level pinning is also observed near real GaAs surfaces [8] irrespective of the surface treatment or dielectric deposition used. In all these cases, a defect compensation mechanism including a mid-gap level is responsible for the Fermi-level pinning. This is very similar to the compensation occuring in undoped or indium doped semi-insulating GaAs substrates and where EL2 is involved.
In this article we attempt to decide whether the mid-gap level induced by electron or heavy-particle irradiation is related to the native EL2 level. As will be seen later, this irradiation-induced mid-gap level systematically appears to be part of a close defect pair or of a dense damage cluster. Electron hopping probabilities between defects in these pairs and clusters cannot be neglected and prevent a straightforward interpretation of the electrical properties of irradiated GaAs.
In order to gain insight into these problems, we make use of our newly developed theory for the practical calculation of multiphonon tunnelling transition rates between deep level defect states in a semiconductor [9] . The fact that multiphonon effects may assist the ionization of isolated defects in such materials has earlier been demonstrated [10, 11] . We use our theory for predicting the defect-induced DC and AC electrical conductivities as well as the DLTS behaviour. We compare our theoretical simulations with experimental results.
1. Evaluation of multiphonon hopping rates.
In this section we describe the method we adopted for the evaluation of the inter-defect multiphonon tunnelling rates. The corresponding theory was recently developed [9] .
Two defects labelled i = 1 and 2 are assumed to interact and their centroids to be a distance r12 apart. [10] with and where we have assumed spherically symmetrical (sstate) wave functions, r (x) stands for the Gamma function [14] , F is the electric field vector and ài the energy of the localized electron measured below the conduction band. One recognizes the WKB expression Ai (r) for the wave function attenuation. The numerical prefactor q i is such that (1 - q? ) is approximately the probability of finding the electron in the region ( |r -ri| ai). For the deep-levels we are dealing with here, one expects a near unity probability for finding the electron inside the sphere ( ( r -ri 1 al ) and a hence small value of 17 i. Such a strong localization of deep level wave functions had to be assumed both in reference [10] , to account for electric field ionization of defects, and by Burt [15] to account for deep level photo-ionization cross-sections in GaAs.
In order for an electron to hop from one defect site to another, multi-phonon energy has to be exchanged with lattice-vibration modes. The defect labelled i is assumed to be linearly coupled to a localized phonon mode of energy ficoi with a HuangRhys coupling constant Si. One can then write the inter-defect hopping rate R12 as an integral over all energies E in the band-gap and for deep level defects, this takes the form [9] where with where Eco is the conduction-band energy mid-way between the two defects, K (4) [18] and is related to deposited energy data [19] . In the cases investigated here, the clusters are expected to have sizes of the order of 500 Â. When comparing DLTS results, fast-neutron-irradiated samples [20] are found to have spectra closer to those of heavy-ion implanted samples than to proton-bombarded samples [16] . This [24, 25] . Similar EPR spectra are observed after plastic deformation or fast neutron irradiation [3] of n-or p-GaAs. The photo-EPR response for plastically deformed materials shows that the EPR signal is related to a mid-gap single donor level. Electrical conductivity and Hall effect measurements show that the Fermi level is pinned near mid-gap after large doses of either fast electron [4] or fast neutron [6] irradiation. These observations suggest that the ASGA defect is associated with the mid-gap single donor level MG that was postulated above for the interpretation of DLTS data.
The famous EL2 single donor, which is native in bulk and vapour phase epitaxial materials, is probably a complex including the AsGa defect [1] [2] [3] [4] [5] [6] [21] .
We shall demonstrate in a later section that largedose-irradiation gives rise to a nearest neighbour hopping DC conductivity through a mid-gap defect with practically the same lattice relaxation parameters hw and Shw as those of EL2.
2.1.3 Defects in heavy-particle bombarded GaAs. -Detailed DLTS data have been published [26] for boron ion implanted n-GaAs. The DLTS spectra observed, as can be seen seen in figure 1 , consist of a wide high temperature peak, referred to as the Upeak, together with shallower levels. Experiments [27] show that the main observable shallow level in the implanted material is level E3 (Ec -0.32 eV at 0 K). Both the observed peak position temperatures, from reference [26] . In the starting material, the free electron concentration was about 1017 cm-3. Gold Schottky diodes were used. The reverse bias voltage and the filling bias pulse amplitude were both 2 V. and its high electric field sensitivity [28] confirm that this defect is identical with defect level E3 generated in fast electron proton bombarded materials [17] . Other authors [16] also report a small DLTS signal related to level E2 (Ec -0.14 eV) in ion-implanted materials which is again identified with that observed in electron-irradiated materials.
As to the high temperature U-peak, we shall confirm in this article its attribution [26] [10] this factor is represented by the symbol 3 03B3/2). We can thus evaluate the product of the pre-exponential factors in the expression of P (E) appearing in equation (2) [28] whereas EL6 is practically insensitive to the field [27] . This difference in the electric-field behaviour of E3 and EL6 can be accounted for, according to the theory of reference [6] , by the abnormally large lattice relaxation energy of EL6 [27, 33] (S'hw === 600 meV).
In the following sections we shall refer, in our interpretations, mainly to the defects MG, E2 and E3. Experimental observations in irradiated GaAs will be shown to be a result of electronic interactions between these defects. As for El, we recall that it is a second charge state of E2. In our notation, we shall reserve label i = 1 for the mid-gap defect MG.
In the heavily damaged regions of irradiated GaAs the Fermi level is, as already discussed, pinned on the mid-gap level MG. If f o is the average thermal equilibrium occupation ratio of this MG single donor level, the fraction (1-f o) of these defects will be positively charged and the rest will be neutral. Since other defect levels, at all temperatures of interest, are many kT units above or below the Fermi energy, they can only introduce a temperature-independent charge density. Overall charge neutrality, therefore, implies a temperatureindependent value of f o. 3 . DC hopping conductivity in irradiated GaAs.
Deng et al. [34] have extensively studied the DC electrical conductivity induced in GaAs by heavyparticle (Ar+ ) bombardment, which causes damage in a layer approximately 0.4 &#x3E;m thick. Their conduc- where the temperature coefficient y is determined fiom the deep level electron capture and emission data (Ref. [30] ). El has a large lattice relaxation. Its negative (repulsive) potential suggested by the small capture cross-section ( =z 10-18 cm-2 reported in Ref. [31] ) is confirmed by the small experimentally determined value of 17 1. E2 has a large capture cross-section ((1.3 ± 0.3) x 10-13 cm-2 as shown in Ref. [31] [35] . This, in fact, implies complete amorphization for large-dose heavy-particle bombardment, in contradiction with the X-ray diffraction data of Coates and Mitchell [36] . For the ion bombardment doses needed to approach the saturation hopping DC conductivity, the defect concentration can be roughly estimated by extrapolating DLTS data [26] to be of the order of 1019 cm-3. An estimate is also obtained from EPR of fast-neutronirradiated materials [6] , in which case the onset of hopping conduction is observed when the As' defects are in a concentration of 1018 cm-3 [7] . For these concentrations, nearest neighbour hopping probabilities are expected to exceed those for second neighbour hopping by several orders of magnitude.
We have calculated the nearest neighbour hopping conductivity according to the theory of reference [9] . Our DC conductivity calculations are an extension of the Miller and Abrahams theory [37] [9] . This shallow levels contribution is expected to be significant at high temperatures and when the defect densities are relatively low (as is the case after thermal annealing).
The phonon best-fit parameters deduced in the above manner are hw = 20 ± 2 meV and Shw = 145 ± 10 meV, which are in excellent agreement with those reported [10, 11] [42] . The direct Kirchoffs law numerical simulations of Mclnnes et al. [43] have later shown that the isolated defect pairs approximation gives indeed a good estimate of (T ac for high frequencies «(ù s &#x3E; R12(ro)). At Fig. 3 ) agree both in order of magnitude and in frequency dependence with the experimental results (empty and full circles in Fig. 3) of these authors. (3)).
In the above treatment, the indirect ionization rate eind was written as f 2 e2 which is a « quasi-static occupation ratio » approximation. A more exact treatment by Rees et al. [47] gives practically identical results provided the energy difference between the two levels is large enough to guarantee the inequality R12 R21. This condition is largely met for the defect pairs we are dealing with. Adding up direct and indirect components, we obtain for the total electron ionization rate en :
The above emission rate en is a function of the electric field since the hopping rates R12 and R21 as well as the individual defect ionization rates el and e2 are all field-dependent. The field dependence of the ionization rates of all the levels involved in our present study is known from previous work [10, 26, 27, 31] . The field dependence of the rates R12 and R21 comes mainly from the contribution q. F. rl2 cos (0 ) to the difference in the energy levels (see Eq. (5)). Two extreme cases can be recognized with equation (8) : i) If the inequality R21 » e2 holds (level 2 not too shallow), equations (4), (8) For the other more conventional aspects of DLTS simulation, the reader is referred to references [48, 49] . 6 . Electron ionization rates for densely packed defects.
We extend the above treatment to a large number of densely packed defects. This case is quite distinct from that of isolated point defects or defect pairs. In our DLTS experiments, the defects are situated in the depleted region of a reverse-biased Schottky diodes fabricated on n-GaAs. The individual defects are initially filled with electrons by means of a filling bias pulse during which the diode depleted region is reduced. The defect density is usually larger than the initial electron concentration. We thus expect that only a small fraction of the defects will capture electrons during the filling pulse. Consequently, the DLTS peak amplitudes cannot be used to reliably estimate the defect concentrations. Furthermore, shallower defects with energies well above the Fermi-level will undergo very small changes in their electron occupation rates and will be more difficult to see than the defects with energies near to the Fermi-level. We therefore concentrate in the following treatment on the indirect emission through shallower levels of electrons previously trapped in the defect nearest to the Fermi-level.
Densely packed defects can occur in many situations. For example, a large dose of fast-electron, fast-neutron or fast-ion irradiation would lead to a high density of uniformily and randomly distributed defects. Another case of interest is that of defect grouped in clusters as could be generated by a moderate dose of heavy-particle bombardment. In the following, we first deal with the extreme case of uniformily distributed defects and we then deal with the opposite extreme case of defects grouped in well defined clusters.
UNIFORMILY DISTRIBUTED DENSELY PACKED
DEFECTS. -To simplify the notation, we assume the occurrence of three electron trap types (1, 2 and 3) with label 1 referring to the mid-gap defect (MG). In fact, the generalization to any number of defects with energy levels in the band-gap is straightforward.
We can see from section 3 that the transition rates between defects of the same energy level can be extremely large (much larger than any of the ionization rates) even for separations as large as 100 À corresponding to concentrations around 2.5 x 1017 cm-3. One can therefore treat the three levels (i = 1, 2 and 3) as three bands with Nl, N2, N3 available electronic states respectively.
To calculate the ionization kinetics of the combination, we generalize the treatment of section 5 in order to determine the quasistatic electron occupation probabilities f 2 and f 3 of levels 2 and 3 in terms of Il of the deepest level. For any permutation i, j, k of the three labels 1, 2, 3, one should have :
where the symbols ej represent as before the emission rates from the different individual defects.
Rij stands, in general, for the average electron tunnelling rate between defect levels i and j. For densely packed defects, the term Nj fj ej can be neglected compared to the others in equation (11) . Within this approximation, and making use of the detailed balance equation (Eq. (4)), we obtain for i=2ori=3 which is thus seen to follow a Fermi-Dirac distribution. More general solutions to equation (11) can be obtained for cases where, in contrast to the above treatment, the terms Nj fj ej cannot be neglected.
Since one expects f2 « 1 and f3 « 1, equation (11) for j = 2 and j = 3 yields simply a set of two linear equations in two unknowns. When this is done, we obtain results practically identical with equation (12) provided the following inequalities hold :
and Having determined f2 au f3 the ionization kinetics of the closely packed defects can be predicted from Thus, provided inequalities (13) hold, the corresponding effective electron emission rate can be written as where As can be seen from equation (14), the emission kinetics of the defect collection cannot, strictly speaking, be described by a linear differential equation because of the occurrence of the term (1 -f 1 ) . We can, however, approximate (1 -fi) to a constant because the quasi-Fermi level of the closely packed defects is expected to change only slightly during the ionization transient.
It should be noted that the electron emission rate of équation (14) is sensitive to the defect concentration ratio 2013 .
This ratio represents the number of different paths through which an electron trapped in the deepest level 1 can be ionized via level i. We also note the sensitivity of the emission rate to and thus to the compensation ratio or quasi-Fermi level of the mid-gap defects.
DEFECTS GROUPED IN WELL DEFINED CLUS-
TERS. - We now deal with the other extreme case of defect densely pack in well defined clusters. In view of the appreciable hopping conductivity, demonstrated in section 3, the clusters can be considered as conductors. For example, in the core of the clusters generated by boron-ion bombarded in n-GaAs, the defect density can be roughly estimated [9] figure 4 that shallow level defects have to be separated by a minimum distance W from the clusters to be observable by DLTS. Fig. 4. -Energy band diagram across a damage cluster situated in the neutral region of heavy particle bombarded n-GaAs. The electrical properties of the defects at the cluster's core are masked because of electrostatic screening effects and because the Fermi level is strongly pinned at mid-gap there. Shallow levels at distances less than W from the clusters will remain empty and will not be detected by DLTS. We define the inside of a cluster as the region where the inter-defect hopping rates are larger than the rates observable through the DLTS rate window. figure 5 , we see that the DDLTS peak position of E5 and its high sensitivity to the electric field agree with those expected for the (MG + E3) pair. For this pair, the ionization rate en obtained from equation (9a), is proportional -at different electric fields -to that e2 of E3 which is known to be very sensitive to the electric field [28] . In contrast to the simulations for (MG + E2), those for (MG + E3) pairs proved practically insensitive to the pre-exponential factors of the model. 8 . Interprétation of DLTS data in heavy-particle bombarded GaAs.
We now make use of section 6 to interpret our DDLTS results for boron-ion implanted n-GaAs. We assume the densely packed defects to be MG, E3 and E2. The dotted curve in figure 6 corresponds to the well defined clusters approximation (Eq. (15) [50] .
Hence the defects will tend to become uniformily distributed in accordance to assumption (i). Assumption (ii) is confirmed by the fact that after ion implantation and annealing at 600 °C, the only surviving irradiation induced electron-trap DLTS peak can be identified with the native mid-gap level EL2 [1, 51] . Both this level and EL2 are insensitive to the electric field in the range reported in figure 6 .
One thus deduces that the MG defects anneal less quickly than E2 or E3 at temperatures up to 600 °C.
Our DLTS measurements indicate that the peak E3 (see Fig. 1 In the framework of our computer simulations, the observed behaviour of the DDLTS peaks for different electric fields and annealing treatments is consistent with the above-reviewed annealing properties of the E2, E3 and MG defects. ' 9. Nature of the irradiation-induced defects.
As discussed in sections 2.1, experimental evidence for electron-irradiated n-GaAs leads us [21] and recombination enhanced [22] annealing behaviour over a wide temperature range.
Both E2 and E3 are very probably associated with an As vacancy [53] . This (in fast-electron-irradiated n-GaAs) or by damage clusters including MG, E2 and E3 defects (in heavy-particle bombarded nGaAs). For heavy-particle bombardment, we showed in section 6.2, that only the defects at the clusters' outskirts have an appreciable influence on DC electrical conductivity and DLTS observations. The ion bombardment damage energy at these outskirts is comparable to the damage energy due to fast-electron irradiation. This explains why we were able to attribute results in heavy-particle and electron-irradiated materials to the same types of individual point defects.
The MG defect (irradiation induced) and the EL2 defect (native in bulk GaAs) share the properties of both being single donors, having mid-gap energy levels and being associated with the ASG,, , defect.
Furthermore, we have shown in section 3 that the lattice relaxation parameters 03C9 and Shw for the two defects are similar. One is thus led to identify MG with the deep level associated to EL2.
A widely accepted signature revealing the presence of EL2 defects is the « quenching » behaviour observed in the photo-capacitance transients corresponding to sub-band-gap illumination [1, 51] . The occurrence of this behaviour in heavy-ion bombarded materials subsequently annealed above 600 °C gives clear evidence for the creation of EL2 [51, 1] . For samples annealed below 600 °C, the absence of the « quenching » behaviour is often used
as an argument to demonstrate that EL2 is not created during ion bombardment [25] . In our present work we were led to believe that all the irradiationinduced defects MG are part of defect pairs or dense damage clusters for samples annealed below 600 °C. Consequently, although MG and EL2 are probably identical, it is easy to understand the observed departure of the photocapacitance transients of MG defects from the transients typical of isolated EL2 defects.
10. Summary and conclusions.
Making use of a recently developed theory, we have studied the multi-phonon assisted hopping DC conductivity in GaAs induced by heavy particle bombardment. From our best-fit procedure, we deduced that the irradiation induced mid-gap (MG) level can be identified with that of the native EL2 centre.
We have also mathematically simulated the Deep Level Transient Spectroscopy (DLTS) response of defect pairs and clusters taking in account the hopping of electrons between the individual defects involved. We attributed each of the high-temperature DLTS peaks E4 and E5 in fast-electron bombarded n-GaAs to distant defect-pairs involving the ASGA anti-site related donor level MG together with shallower VAS related acceptor defects. The hightemperature DLTS peak in heavy-particle bombarded materials is accounted for by our simulations for defect clusters. For defect pairs as well as clusters, we account for the observed wide DLTS peaks, together with their often high sensitivity to the electric . field. Our DLTS studies confirm that EL2 and MG are related.
